, which hydrogen bonds directly to the 2'-OH of NADH (18) . Residues interacting with the 2'-phosphate of NADPH were first identified in glutathione reductase as the primary structural features that discriminate between NADH and NADPH (20) . 
Domain interfaces
The 
SPECTROSCOPIC AND REDOX PROPERTIES OF PDR
Both the plant-type [2Fe-2S] center and the FMN cofactor contribute to the visible absorbance spectrum of PDR. The spectrum of PDR (-FeS) is representative of the flavin component and is quite similar to the spectrum of ferredoxin-NADP+ reductase.
The ferredoxin component of the PDR spectrum can be calculated from the difference of the spectra of PDR and of PDR(-FeS) (see Fig. 5A ) and closely resembles the absorbance spectrum of adrenodoxin (29).
Redox potentials
Reductive titrations of PDR with NADH or dithionite proceed in two stages. In the first phase, the iron-sulfur and FMN moieties appear to react simultaneously, giving rise to a form of the enzyme containing a reduced iron-sulfur center and a flavin semiquinone (SQ). The maximum semiquinone concentration reached during this part of the titration is -80% of the total enzyme concentration. The [2Fe-2S] and FMNoxjsq redox couples are closely matched (both about -174 mY at pH 7). In the second phase of the titration, the SQ form of PDR is converted to the threeelectron reduced enzyme (see spectra representative of MC-3 and PDR3
in Fig. 4) 
EPR spectroscopy
The EPR spectrum of two-electron reduced PDR has g-values at 2.041, 1. t.IM (34). This latter Km value is close to the dissociation constant of the PDO-PDR complex (-1 jiM), calculated from changes in flavin fluorescence that occur during the titration of PDO with PDR (35).
We have used stopped flow spectrophotometry in a study of the kinetics of the reductive half-reaction of PDR with pyridine nucleotides (28, 29). These investigations have identified the intermediates of Scheme 1 and have determined the reaction rate constants included in that scheme. NADH first binds to oxidized PDR, forming a primary Michaelis complex (MC-1). This process is a rapid equilibrium with respect to subsequent steps in the reduction reaction, and it is complete within the mixing time of the instrument (-2 ms). Because NAD+ binds about two orders of magnitude more weakly than does NADH to oxidized PDR, only a small amount of MC-2 (Scheme 1) forms when NAD+ and NADH are present at equal concentrations.
The first observed kinetic phase (116 s1) is signaled by a slight decrease in absorbance at wavelengths shorter than 500 nm and an increase in absorbance beginning at -550 nm and extending beyond 800 nm ( Fig. 44 and Fig. 4B ). ENADH-.
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REACTION OF PDR WITH PYRIDINE NUCLEOTIDES
The natural substrate for PDR is NADH, although NADPH will slowly reduce PDR. This is consistent with the presence of Asp'73 and the other structural features conferring specificity for NADH (discussed previously). Product formation during the steady-state reaction of the phthalate dioxygenase system occurs with a broad pH optimum in the pH range 6.8-8. transfer complex between FMNH and NAD (CT* in Scheme 1). It is observed as a further increase in absorbance in the long wavelength region and a large decrease in absorbance between 300 and 500 nm. The spectrum of the analogous intermediate occurring in the reductive halfreaction of PDR (-FeS) is shown in Fig. SB . The spectrum of the CT* species is similar to that of the charge-transfer complex formed between NADP and the reduced FAD of adrenodoxin reductase (37). When NADD is substituted for NADH in the reduction reaction, the rate of formation of CT* is decreased from 70 s1 to 10 s'. This sevenfold deuterium isotope effect identifies this reaction phase as hydride transfer.
After hydride transfer, NAD is released from PDR (Scheme 1). This phase of the reaction (35 s' in PDR) is observed as a decrease of the charge-transfer absorbance at wavelengths greater than 700 nm, an increase in absorbance at wavelengths between 520 nm and 650 nm, and a decrease in absorbance below 520 nm (Fig. 4) . The loss of the charge-transfer absorbance represents NAD+ release, and the increases in the 500-600 nm region are consistent with the formation of a neutral blue flavin SQ that results from intramolecular electron transfer. Small decreases in absorbance in the 400-500 nm region result from a combination of flavin oxidation to semiquinone and [2Fe-2S] reduction (Fig. 4A, B) . This semiquinone species does not occur in the reductive half-reaction of PDR(-FeS) with NADH. (The spectrum of the flavin semiquinone of PDR(-FeS), generated by reductive titration, is presented in Fig. 5B .) Because NAD+ release, flavin oxidation to semiquinone, and iron-sulfur reduction are observed to occur as a single kinetic phase with PDR, it is unclear which one of these events controls this phase of the reaction.
As noted, PDR(-FeS) proceeds through the same types of flavin-pyridine nucleotide intermediates that are observed in the reductive half-reaction of PDR. However, after NAD release from PDR(-FeS), both hydride electrons remain localized on the flavin (compare Fig. 5C and Fig. 4A ). Titration of this reduced form of PDR (-FeS) with NAD+ results in the formation of a charge-transfer complex (Fig. 5B) that spectrally resembles the flavin component of CT* formed in the reductive half-reaction of PDR. This species presumably involves a direct stacking interaction of the reduced flavin and NAD+ in a complex similar to the complex of NADPH with reduced glutathione reductase (20, 27 the benzene ring of Phe225 intervening between the flavin and nicotinamide rings (Fig. 3) ; as expected, this species shows no charge-transfer absorbance.
In the oxidized structure of glutathione reductase, Tyr'97 intervenes similarly, and it has been shown that when NADPH binds, Tyr'97 moves to permit direct interaction between the pyridine nucleotide and the flavin (20) . Thus, during catalysis it might be expected that Phe225 of PDR moves to permit the nicotinamide to come in contact with the isoalloxazine ring of the flavin. Such interaction is required for both charge-transfer and hydride transfer.
Regulation of intramolecular electron transfer in PDR
The crystal structure of PDR indicates that the flavin and iron-sulfur centers are separated by an edge-to-edge distance of only 4.7 A (16 to M.L.L.
